organisms. It is essential to the life and development of many organisms as it takes part in many physiological processes, including photosynthesis and respiration, usually as a component of many enzymes [9] . Excessive amounts of copper can restrict the growth of plants by having an adverse effect on yield and quality [10] , and it causes diseases in humans and animals [11] . Therefore, it is important to maintain the optimum concentrations of copper in soil and to limit its absorption by plants if its level in soil increases excessively [3, 12] . Apart from phytoremediation [13] , one of the "in situ" methods involves applying different substances in the soil, whose aim is to limit or neutralise the effect of contaminants [14] [15] [16] . Organic substances, bentonite, and zeolite are limiting the uptake of trace elements by plants from soil [17] . The sources, forms, mobility and effects of copper contamination and amendments on soil properties were presented in earlier publications [3, 18] .
The aim of this study was to determine the effect of copper contamination on the content of total organic carbon, total nitrogen, available forms of phosphorus, potassium, and magnesium, and C:N ratio in soil. The effect of copper on these soil properties was reduced by using compost, bentonite, and zeolite.
Materials and Methods
The study was based on an experiment conducted in the greenhouse at the University of Warmia and Mazury, Olsztyn (northeastern Poland) in 2012. The experiment was carried out on acidic soil with a granulometric composition of sand (sand fraction, 86%; silt fraction, 12%; clay fraction, 2%) according to USDA classification. It had the following properties: pH 5.53 in 1 M KCl; contents of TOC 9.86 g/kg, total nitrogen 0.71 g/kg, C:N ratio 13.89; and contents of available forms of phosphorus 86.48 mg/kg, potassium 108.46 mg/kg, and magnesium 85.32 mg/kg; and content of total copper 4.24 mg/kg of soil. The soil was contaminated with copper (as CaCl 2 ) at 0, 50, 100, 150, and 200 mg Cu/kg of soil 10 days before sowing. The experiment was carried out in four series: without additives and with compost at 3% of soil weight, bentonite at 2% of soil weight, and zeolite at 2% of soil weight. The concentration of elements in substances was as follows: compost -Corg 204.2 g/kg, total nitrogen 11.97 g/kg, C:N ratio 17.06, P 2.39 g/kg, K 1.41 g/kg, Mg 1.52 g/kg, Cu 0.81 mg/kg; bentonite -P 0.52 g/kg, K 2.36 g/kg, Mg 5.04 g/kg, Cu 21.3 mg/kg; and zeolite -P 0.12 g/kg, K 23. 13 The soil samples were dried and sifted through a 1 mm mesh sieve. Before starting the experiment the soil, compost, bentonite, and zeolite were mineralized in concentrated nitric acid (HNO 3 analytically pure) in a MARS 5 microwave oven (CEM Corporation, USA), by the US-EPA3051 method [19] . Content of total copper was determined by flame atomic absorption spectrometry (FAAS). The soil pH in 1 mol/dm 3 KCl was determined potentiometrically [20] . The following were determined in the samples (in three replications): organic carbon by the Tiurin method [20] , total nitrogen by the Kjeldahl method [20] , available forms of phosphorus and potassium by the Egner-Riehm method, and magnesium (Mg) by the Schachtschabel method [20] . Wet mineralisation of the soil samples for total nitrogen was carried out in concentrated sulphuric acid (H 2 SO 4 analytically pure). Next, it was analysed in a Buchi K-355 Kjeldahl Distiller. The results were analysed statistically with the STATISTICA software package and a two-way analysis of variance ANOVA. Moreover, the effect of contamination with copper and the impact of compost, bentonite, and zeolite on soil properties was assessed by principal component analysis (PCA) and with Pearson's correlation coefficients [21] .
Results and Discussion
Contamination of the soil with copper and the application of neutralising substances had a significant effect on soil properties (Tables 1-2) . Contamination of the soil in the series without amendments increased the content of total nitrogen (r = 0.441) and available phosphorus (r = 0.808), potassium (r = 0.918), and, especially, magnesium (r = 0.891). It also narrowed the C:N ratio (r = -0.441) in soil. The increase in the content of available magnesium in the soil contaminated with 200 mg Cu/kg of soil was 49% and it was greater than that of available potassium (33%), total nitrogen (24%), and available phosphorus (20%), compared to the control (no copper). The organic carbon-to-total nitrogen ratio in the same pot was reduced by 24%.
The greatest effect of all substances was observed in the content of total nitrogen and the C:N ratio in soil (Tables 1-2) . Compost, bentonite, and zeolite decreased the average content of total nitrogen by 45%, 48%, and 48% and widened the C:N ratio by 76%, 72%, and 68%, respectively, compared to the series without additions. They also increased the content of available magnesium, which ranged from 11% (compost) to 22% (bentonite) compared to the soils without amendments. The effect of the substances on the content of total organic carbon and available phosphorus and potassium was much smaller than on the content of total nitrogen, magnesium, and C:N ratio. The trend of changes of these elements depended on the kind of substance. Zeolite reduced the content of organic carbon, available phosphorus, and potassium by 11-12% and bentonite, and that of organic carbon by 10% compared to the series with no additions. Compost increased the average content of available phosphorus by 6% and that of potassium by 12%. Bentonite increased the content of available potassium by 8%.
The PCA (Fig. 1 ) and the correlation coefficients (Table 3 ) revealed the significant relationship between the content of some elements and the C:N ratio, acidity, and other soil properties. Significant positive correlations were found to exist between: -The content of total nitrogen and organic carbon and hydrolytic acidity of soil. -The content of available phosphorus and potassium and the soil hydrolytic acidity. -The content of available potassium and the cation exchange capacity. -The content of available magnesium and C:N ratio.
Significant negative correlations were found to exist between: -Total nitrogen and available magnesium. -Total nitrogen and C:N ratio.
-The content of available phosphorus and pH and base saturation. -The content of available magnesium and soil pH. -The C:N ratio and soil hydrolytic acidity ( Table 3) .
The relationships between the soil macroelements, especially between total nitrogen content, available phosphorus, potassium, and magnesium, and the C:N ratio were confirmed by PCA analysis (Fig. 1) . In addition, the vectors perfectly reproduced the contents of available magnesium, total nitrogen, hydrolytic acidity, and base saturation, and it poorly reproduced the C:N ratio -especially total organic carbon. The principal components represented in total 57.88% (including the first component at 30.15% and the second at 27.73%). The data dispersion in Fig. 2 confirms the effects of compost, manure, and zeolite on soil properties, although it is difficult to claim beyond doubt which of these substances had the greatest effect. Excessive amounts of copper in soil can disrupt the process of nutrient absorption by plants [3] . Since copper is firmly fixed in soil by organic substances, silty substances, and hydrated iron and aluminium oxides, it is important to increase the content of organic substances in soil as it has the greatest impact on its sorptive properties [22] . The application of organic and mineral substances with strong sorptive properties and adjusting soil pH reduces the bioavailability of copper and its toxicity to plants and soil microorganisms and increases the bioavailability of macroelements [14] [15] . The correlation between pH and sorptive properties of soil and content of elements in soil was partly confirmed in our study. Particularly good results can be achieved by applying organic matter to soil. The application of elements with organic substances caused an increase in these elements in soil. Bednarek et al.
[23] used liquid manure and found the content of available phosphorus, potassium, and magnesium and organic carbon in soil to increase. According to Wright et al. [24] , compost increases the content of phosphorus, potassium, and magnesium in soil. The application of compost to soil in an experiment carried out by Wyszkowski and Sivitskaya [25] increased the accumulation of organic carbon and available potassium in soil. Kondratowicz-Maciejewska and Kobierski [26] found that manure increased the content of available phosphorus, potassium, and magnesium, and its content was correlated to the content of organic carbon in soil, which was partly confirmed Table 3 . Correlation coefficients (r) between content of elements and C:N ratio and some properties of soil. in this study. An increase of elements in soil contaminated with the highest doses of copper was correlated with the lowest maize yield. The uptake of elements by maize from soil contaminated with copper was lower than from control soil (without the application of copper). Furthermore, Šimanský and Kováčik [27] found the content of organic carbon to be positively correlated to hydrolytic acidity and negatively correlated to the base saturation, which was not confirmed in this study. Moreover, as in this study, Kondratowicz-Maciejewska and Kobierski [26] found the content of available potassium to be correlated positively to the content of available magnesium. Wyszkowski and Sivitskaya [25] found bentonite to have a greater effect on the content of available forms of nutrients in soil than compost and zeolite. Bentonite increased the content of available phosphorus, potassium, and magnesium and zeolite only increased the content of available magnesium. Wyszkowski and Modrzewska [28] found the use of bentonite and zeolite to have a positive effect on the content of organic carbon, available phosphorus, and the C:N ratio in soil. Moreover, bentonite increased the content of available potassium in soil. According to Ostrowska et al. [29] , intensive humification and mineralisation of organic matter and an increase of elements in soil with C:N ratio lower than 10, which was confirmed in this study in objects with copper contamination. A wide C:N ratio has a negative effect on nitrogen content in soil because of uptake of this and another elements from soil solution. These relationships were observed in our study.
Conclusions
Contamination of soil with copper and the application of neutralizing substances had a significant effect on soil properties. Contamination with copper in the series without substances increased the content of total nitrogen and available phosphorus, potassium, and especially magnesium. Copper also widened the C:N ratio in soil. All of the amendments applied to the soil had the strongest effect on the content of total nitrogen and the C:N ratio in soil. They reduced the content of total nitrogen and widened the C:N ratio. Amendments also increased the content of available magnesium in soil. The effect of the substances applied to soil on the content of the other elements was significantly weaker, as it changed by up to 12%.
